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Abstract -The aim of this investigation is to pro-
duce an injection device for precise dispensing of
nanolitre volumes of ￿uid using a piston formed from
superparamagnetic beads. A plug of Fe2O3 beads is
formed by applying a non-uniform magnetic ￿eld from
a bullet magnet within close proximity to the ￿uid
￿lled channel containing the beads. Once the plug is
formed it can be moved through the micro channel by
moving the magnet and thus, provide a plunger-like
action. Fluid is displaced by moving the magnetic
plug, providing a technique for ￿uid dispensing.
Key Words :Superparamagnetic beads, Micro chan-
nel, Micro ￿uidics, Nano-volume pipette
I INTRODUCTION
There has been an increase in the development
of micro ￿uidic components within Micro Elec-
tro Mechanical Systems (MEMS) for biological
applications. Examples of these components in-
clude pumps [1] and mixers [2].These components
combined can be used to form Lab-on-a-Chip sys-
tems or Micro Total analysis systems (µTAS) [3].
These systems have obvious advantages for re-
placing larger analysis systems due to the reduced
sample and reagent volumes required. Less power
is required for these MEMS devices which can
produce faster analysis speeds, therefore a larger
throughput.
A method for the precise metering of samples
or reagents is required in small volume micro ￿u-
idic systems. This would traditionally be carried
out by hand using a pipette, but to produce a
complete Lab-on-a-Chip system, this operation
needs to be included. Injection strategies for
nanolitre volumes have been achieved with ￿u-
idic MEMS components, typically using Piezo
electric [4] (PZT) or thermal actuators [5]. Such
injection strategies are used for inkjet printing
where a precise quantity of ￿uid is repeatedly
dispensed. The results presented here provide
details for the design of a pipette to controllably
dispense nanolitre volumes of ￿uid using mag-
netic actuation. Such a pipette device system
will be used for dispensing variable volumes of
di￿erent ￿uids. The fabrication and modelling of
such a device is described and the experimental
results discussed.
II DEVICE CONCEPT
The purpose of this work is to produce a pipette
for controllably dispensing a volume of ￿uid in
the low nanolitre range. The device could be
integrated with other ￿uidic devices to form a
micro ￿uidic system. The pipette device could be
tailored to inject any ￿uid as required. The tech-
nique should avoid unwanted heating of reagents
which could result using existing injection strate-
gies.
The technique which has been developed to con-
trol ￿uid in a micro channel uses superparam-
agnetic beads, manufactured by Dynal Biotech,
Norway; available in a variety of sizes and surface
modi￿cations. The beads are superparamagnetic
monodispersed polymer spheres. Each bead has
an even dispersion of magnetic material (Fe2O3),
encased within a thin polymer shell. Due to this
iron content (Fe2O3), the beads become dipoles
when a magnetic ￿eld is applied. The result is
that the beads will be orientated according to
polarity. Once a plug is formed using a magnetic
￿eld, it will be possible to move the plug through
a channel.The beads used for this technique are epoxy
coated, 4.5µm diameter spheres (M450 Epoxy).
The beads can be introduced in an aqueous so-
lution and consequently trapped in order to be
used for this technique. Table 1 summarizes the
bead characteristics.
Table 1: Bead Characteristics M450 Epoxy
Diameter 4.5µm
Density 1.5g/cm3
Surface area 0.9m2/g
Iron Content Approx. 20%
Susceptibilty 0.024
The operation of the device is very much like a sy-
ringe. The technique uses a piston-like plunger of
beads to force ￿uid from a micro channel. Similar
devices have been produced [6], using a ferro ￿uid
to form a plunger. The beads used for this tech-
nique are introduced into a micro channel. Once
in the micro channel, the beads can be transferred
from one ￿uid to another. By moving the beads as
a plug through the micro channel, ￿uid is forced
out ahead of the piston-plug.
III THEORY
Superparamagnetic beads were chosen for the
magnetic properties and ￿uid compatibility. The
beads will be orientated much like a dipole when
placed within a non-uniform magnetic ￿eld. This
property results in a magnetic moment, resulting
in a force described by Equation 1. The theoreti-
cal force from a single bead can be obtained using
Equation 1, for which the analysis and evaluation
has already been carried out by Zborowski [7].
For the purposes of this investigation the the-
oretical force from a single bead is multiplied
by the number of beads used to obtain the plug
force. In Equation 1 FB is a single bead force, VB
is the volume of the bead, ∆X is the di￿erence
in magnetic susceptibility of the bead (Table 1)
and the liquid medium, ∇B is the magnetic ￿eld
gradient, B is the magnetic ￿ux density and µ is
the magnetic permeability.
FB =
VB ∗ ∆X ∗ B ∗ ∇B
µ
(1)
The force required to move the ￿uid through the
micro channel is determined by the pressure drop.
This will occur along the length of the channel,
due to the ￿uid ￿ow. The relationship of the force
and ￿ow rate is described in Equation 2 and is a
form of the well known Haagen-Poiseuille equa-
tion. In Equation 2, Q is the ￿ow rate, Fp is
the applied plug force, a is the channel width, b
is the channel depth, ν is the ￿uid viscosity, A
is the channel area (a ∗ b) and L is the channel
length. By substituting Equation 1 into Equa-
tion 2 it is possible to determine the maximum
￿ow rate which can be produced for a given bead
plug. The maximum ￿ow rate (m3 s−1) can be
used to obtain the maximum plug velocity by di-
viding by the cross sectional area of the channel
(A). If the maximum plug velocity is exceeded
the bead will no longer act like a perfect plunger,
but will allow slippage of ￿uid past. This slip will
result in a lower displacement of ￿uid for a given
plug movement.
Q = Fp ∗
a3b3
8ν(a + b)2AL
(2)
IV EXPERIMENTAL
The ￿nal pipette device will be produced in sil-
icon and Pyrex, so for the purposes of this ex-
periment, silicon and Pyrex were used to produce
a ￿uidic channel. Single ￿uidic channels were
produced in a silicon substrate using standard
fabrication techniques. The channels were DRIE
(Deep Reactive Ion Etching) etched in the silicon
and capped using Pyrex, with anodic bonding.
The channels have been etched to dimensions of
100 µm wide and 26 µm deep. These dimensions
have been used, so it is possible to measure the
volume of ￿uid which is dispensed and it is pos-
sible to introduce the beads into the device.Figure 1: Schematic of experiment setup
Figure 1 shows the set up used; the micro chan-
nel has a fused glass capillary glued at the out-
let. Epoxy is used to block the through hole.
Connected to this capillary is a glass capillary
(Cammag, 0.5 µl) connected via a piece of rub-
ber tubing (SF Medical 0.02ID). The glass cap-
illary was used to measure the ￿ow induced by
the movement of the bead plug. Finally in order
to determine the ￿ow within the micro channel,
an oil droplet has been introduced into the glass
capillary forming a marker.
It was considered important to ensure the ￿ow
being measured experimentally is due to the in-
duced ￿ow from the magnetic beads. The reason
for this is because of the small dimensions of the
channel. To reduce the e￿ects of capillary action
which will induce ￿ow within the micro channel,
the channel was primed with ￿uid at the begin-
ning of the experiment. The channel was primed
with Triton 1% to avoid aggregation and non
speci￿c adhesion of the beads. This ￿uid was in-
troduced into the inlet of the device and allowed
to ￿ll the channel by capillary forces. Once ￿lled
the ￿uid is drawn through the remaining system
using a syringe to avoid bubble formation.
A magnet (Assemtech M1219-5, Neodymium Iron
Boron) is placed beneath and in contact with the
channel, such that the centre of the magnet is
aligned with the ￿uid channel, as illustrated in
Figure 1. The magnet movement was provided
by a Melles Griot motorised linear translation
stage(NanoStepTM 1000 linear positioning stage,
with an aptTM system stepper motor controller).
The stage is used to move the magnet relative
to the micro channel, at varying velocities and
distances. For the experiment the stage was used
to move the magnet at velocities from 0.2 mms−1
to 2.6 mms−1 a distance of 10 mm and returned.
The bead plug was clumped to form a plunger
before ￿uid displacement was recorded.
V RESULTS
Results for the ￿ow rate against plug speed are
illustrated in Figure 2. To determine the point
at which the bead plug no longer acts as a per-
fect plunger, a set of theoretical data points have
been included in this graph. These data points
represent a bead plug that does not allow slippage
at any velocity. The results illustrate three plug
sizes (48 000, 40 000 and 38 000 beads) which
exhibit the predicted plug-like action until ￿uid
slip occurs at respective velocities. The small-
est plug at 24 000 beads cannot be used to plug
the channel at any velocity investigated during
this experiment. The larger 60 000 bead plug
is used to block the channel until a velocity of
1.4 mm s−1, when the ￿ow rate decreases dra-
matically. It is believed this is due to the ￿eld
surrounding the bullet magnet is not being large
enough to sustain the plug.
Figure 2: Graph of volume ￿ow rate against mag-
net velocity
Figure 3 illustrates the displaced volume against
magnet velocity for di￿erent bead-plug sizes, us-
ing a plug displacement of 10 mm. The results
illustrate the potential for dispensing varying vol-
umes of ￿uid using this bead plug technique.
Varying ￿uid dispensing could be achieved by us-
ing di￿erent velocities.Figure 3: Graph of displaced volume against mag-
net velocity
Using the results from Figure 3 it is clear it
would be possible to produce positive displace-
ment of ￿uid from a micro channel. This could
be achieved by selecting an appropriate plug size
and velocitie. Moving the plug slowly toward the
outlet of the channel will displace a volume equal
to that which is moved by the plug. If the plug
is returned to the starting position at a higher
velocity slip of ￿uid past the plug will occur re-
sulting in the displacement of a lower volume of
￿uid. The di￿erence in volume of is positive and
therefore pumping will result. The performance
of such a pumping strategy is illustrated in Fig-
ure 4, which is theoretical data produced using
the results from Figure 3.
Figure 4: Theorectical Pumping
VI CONCLUSION
Our studies provide strong evidence that a bead
plug can be used to displace ￿uid from a micro
channel. The amount of ￿uid which is displaced
from the micro channel can be varied by varying
the bead plug size, velocity or distance moved.
These would result in a device suitable to provide
positive displacement of ￿uid from a micro chan-
nel.
The results obtained will be used to produce a
pipette device for the controlled metering of sam-
ples into a ￿uid channel. This technique will be
used to produce an integrated device, which will
use micro coils to replace the permanent magnets
used during this experiment.
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